Aims (1) To test whether there is a significant increase in carabid species richness with an increase in island size and, if so, if it is due to island area per se or habitat diversity.
INTRODUCTION
The observation that larger areas have more species than smaller ones is one of the most well-studied generalizations in ecology today (MacArthur & 'Wilson, 1.957; Rosenzweig,1995; Wu & Vankat, t995) . Three basic, not mutually exclusive, concepts explain this species-area relationship (MacArthur & Wilson, 1967; As et al,, 1.997| . First, there is an increase in the total number of individuals with increasing area and, as there usually is a positive relationship between the number of individuals and the number of species, larger areas will have Correspondence: D. Johan Kotze, Department of Ecology and Systematics, Division of Population Biology, PO Box 17 (Arkadiankatu 7), FIN-00014, University of Helsinki, Finland. E-mail: iohan.kotze@helsinki.fi @ 2000 Blackwell Science Ltd more species than smaller ones. Second, larger areas have more habitats and/or niches, with a corresponding increase in species richness. Third, colonization-extinction dynamics predict that there will be more species in larger areas than in smaller ones (MacArthur &'Wilson's L967 original idea). However, there is still considerable debate on which mechanism is most appropriate in explaining species-area relationships. For example, many case studies on Baltic Sea islands show that, although habitat diversity might be important, a significant increase in species number with area per se exists (Ls et aL,r 7997), Finnish and Swedish coasts along the brackish Baltic Sea are rich in islands, with the Stockholm archipelago alone, for example, consisting of c. 30,000 islands (As et a1.,1.9971. Islands off the Scandinavian Peninsula are of considerable theoretical, biological and conservation importance, and are among the best studied in the world (Jdrvinen & Ranta, 1987) . Theoretically these islands have fascinated scientists examining species richness (e.g. Niemeld et al., 1.985, t986, 1987; Jarvinen & Ranta, 1987; Niemel?i, 19gga,b) and metapopulation dynamics (e.g. Nieminen & Hanski, 199g; Saccheri et al., 1, 998; Hanski, t999\ . In terms of conservation, these islands are of particular interest as they contain habitat types not typically found on the mainland, and species occurring on islands are more susceptible to extinction than their mainland counterparts .
Life is quite a young phenomenon on these islands, a result of both their recent emergence after the last glaciation between 15,000 and 8000 years ago and the fact that the islands are still rising out of the Baltic Sea . Baltic islands are also of particular interest as they differ from oceanic islands in two important ways: (1) salinity is low (see As, 1984) and increases occasionally *ith th. inflow of salt water from the North Sea between Denmark and Sweden; and (2) because of the high island richness off the Finnish and Swedish coasts, interisland distances are generally short. ln fact, Jdrvinen & Ranta (1987) argue that, for most raxa, island colonization is easy because of the short interisland distances, but persistence might be more difficult due to a lack of suitable habitat or the presence of a harsh climate.
Consequently, it is unclear whether dispersal (measured as active, i.e. directed flight, or passive, i.e. wind, rafting or floating) or actual colonization ability (suitable habitat and competitive superiority) is important in the observed incidences of species on these islands (Niemeld, 1.992) . For example, are islands sufficiently close to each other, and to the mainland (a significant rescue effect), so that dispersal features (i.e. functional wings) are unimportant in explaining incidence (As, 1984) ? If so, what effect does this have on the speciesarea relationship, and how important is habitat diversity or the occurrence of suitable habitat on these islands?
Carabid beetles (Coleoptera: Carabidae) provide an excellent opportunity to study island theory in the Baltic Sea for a number of reasons. First, the group is both ecologically and behaviourally well known, which makes ecological studies possible. Second, carabid species can be classified into dispersal types by wing morphism (but see As, 1984) . Third. previous studies have shown that carabids occur in abundance on these islands and are easily sampled using standard techniques (Lindroth, 1985 (Lindroth, ,1986 Niemeld, 1992 In this study, the following questions were asked. (1) Is there a significant increase in carabid sDecies richness as island size increases and, if so, is this due to island area per se or to habitat variety? (2) Do scattered islands accumulate species quicker than islands close to each other, per size, as predicted by Hanski & Gyllenberg (7997) ? If we assume between-island colonization for islands close to each other, but mainly mainland colonization of scattered islands, the former islands may accumulate species at a slower rate because they'compete'for immigrants (Nieminen & Hanski, 1998) .
(3) Can carabid wing morphism explain species incidence on islands in the Baltic Sea? For example, are there differences in the proportions of winged and wingless species between mainland Finland and the islands and between group and scattered islands? (4) Are there shared ecological characteristics of species found on islands close to each other or scattered islands?
MATERIALS AND METHODS

Study area and carabid sampling
Twenty-four islands were sampled off the south-western coast of Finland ( Fig. 1) , in the hemiboreal vegetation zone (Esseen et al., t997) . Island size ranged from 0.5 to c.7000 ha. and islands were divided into: (1) three large islands; (2) rwo island groups of seven islands each (an eastern and western group); and (3) seven scattered islands (Table 1) . Islands in the eastern and western groups were in close proximity to each other (maximally a few hundred metres apart), while islands in the scattered group were remote (several kilometres apart). Scattered islands all had unstudied islands nearby, but these were mainly small and consisted mostly of bare rock ( Fig. 1) .
Thirteen different habitat types were sampled, including mixed deciduous forest, mixed alder and spruce forest, alder, aspen, birch, pine and spruce forest, scrub (a dry heathlandlike habitat with juniper bushes and Calluna uulgaris (L.) Hull 1808 (heather)), bogs, shore meadows and three types of fields (see Fig. 3 ). Islands ranged from having a maximum of four habitat types sampled to a minimum of one (Table 1) . Not all habitat types present on these islands were sampled, and larger islands, in particular, were undersampled.
Carabid beetles were collected using pitfall traps (diameter, 65 mm; volume, 170 mL), half-filled with an ethylene-glycolwater mixture. Roofs were placed above the traps to prevent liquid dilution and trap overflow from rain. Pitfall trapping is an efficient technique for capturing epigaeic invertebrates. It is, however, by no means an exhaustive method, and rare and less active species are probably undersampled (Spence & Niemeld, 1994) . Six traps were placed in a row 5 m apart per habitat type, giving a total of 366 pitfall traps placed on the islands. As six traps were used per habitat type, the total number of traps per island varied from six to 24, whereas island size varied between 0.5 and c. 7000 ha. Consequently, larger islands are likely to be undersampled and this is considered in the interpretation of the results.
Trapping started on22 May t993 and traps were visited twice a montl until 20 September 1993. Beetles were identified to species level and their nomenclatural authorities are given in the Appendix.
Statistical analyses
In comparing species richness among the 24 islands, and among mixed forest and scrub habitats separately (these were the two most commonly found habitat types on the islands), we adjusted the species richness data to compensate for varying sample sizes. This was done by rarefaction, a statistical procedure for estimating the number of species expected in a random subsample drawn from a larger sample (Simberloff, 1978; Magurran, 1988) , using BIODIV sofrware (Baev & Penev, 1995) . Species-area plots were constructed in log-log @ Blackwell Science Ltd 2000, lou rnol of Biogeogrophy, 27, gO7 -g I g Shaded islands represent the study islands. Group islands are encircled. Numbers next to the islands correspond to the island names in Table 1. space and linear regression analyses were applied to fit straight lines through the points. Although the use of semilog plots (number of species vs. log area) would be visually more appealing, we used the conventional log-log plots for purposes of comparison (Rosenzweig, 7995\. Four log-log plots were constructed: a species-island area plot, a species-habitat @ Blackwelf Science Ltd 2000, lournal of Biogeogrophy,l7,807 -819 diversity plot, a species-island size plot comparing only mixed forest and one comparing only scrub habitat.
Habitat distinctness in carabid assemblages was examined using both cluster analysis (Bray-Curtis similarity percentage) and paired complementarity calculations. Complementarity was calculated using the formula: where Xu and Xih are the presence/absence values for the lth species in habitat types I and A. Complementarity values range between 100% (no species shared) and 0"/o (identical species Iists) (Colwell & Coddington, 'J.9941. In addition, we compared species accumulations between group and scattered islands. Recent studies predict shallower slopes for islands with between-island colonization than for islands which are colonized from the mainland only (Hanski & Gyllenberg,1997; Nieminen & Hanski, 1998 ). Furthermore, we assumed that carabid dispersal ability is a function of their wing development (Niemeld & Spence, 1999) , and compared the proportion of species with long wings (macropterous), short wings (brachypterous) and both (dimorphic) among island groups. If carabids use flight to disperse between islands in this archipelago, we would expect scattered islands to have a higher proportion of macropterous species (i.e. species that have the potential to fly) than brachypterous ones.
'S7ing development is well known for northern European carabids and was taken from the literature (Lindroth, t985,1986) . However, the risk exists that dimorphic species are only represented by one of the morphs in our material. This is kept in mind when interpreting the results.
Finallg the numbers of occupied scattered islands were compared with the numbers of occupied group islands (eastern and western groups combined), by each species, using 'l7ilcoxon signed-rank tests. Again, carabid dispersal ability as a function of wing development was used to investigate Nieminen & Hanski's (1998) prediction that strong fliers (in carabids, long-winged species) can actively orientate their flight to islands from some distance and should therefore be more frequent on scattered than on group islands. Rosenzweig, 1995) , while the e value here was only 0.05. Even with the exclusion of the largest (z = 0.07) and two largest (z = 0.04) islands, as these were less adequately sampled, the slope value changed only marginally.
RESULTS
Although species richness increased with habitat diversity, this relationship was not significantly different from zero ( Fig. 2A ). ffiis strggested that habitat diversiq'on these islands (at least for the habitats sampled here) had little predictive power in explaining carabid species richness. This was confumed by the observation that many of the habitats sampled were quite similar in carabid assemblage structure (Fig. 3) and shared many species (Table 2) . The most dissimilar habitat types were fields found only on the two largest islands (Fig. 3) . Among the other habitat types, there was a high similarity and no distinct groupings. Furthermore, most habitar fypes shared a majority of their species with either mixed forest or scrub habitats (the two most common habitat types found on the islands) (Table 2l ,brt carabids in these habitat types showed no relationship with island size (Fig. 2B) .
VisuallS scattered islands did accumulate species ar a faster rate than group islands (Fig. 4) , supporting Hanski & Gyllenberg's (1997) theory that islands with between-island colonization will have a shallower slope than islands that are mainly colonized from the mainland, i.e. scattered islands. The mechanisms involved in this pattern are, however, unclear. Unlike Nieminen & Hanski's (1998) study on moths on the same islands, where they suggest that strong fliers can actively orientate their flight to islands from some distance, and are therefore more frequently found on scattered than group islands, the proportion of winged and wingless carabid species did not differ between scattered and group islands (Fig.5 ). For example, on islands, the mean proportion of macropterous species ranged between L5 and 23%o, that of dimorphic between 12 and "J.5'h and that of brachypterous between 14 and 75% (Fig.SA) . The scattered islands were inhabited by a higher mean proportion of macropterous carabid species, but so too were the eastern and western group islands. However, a larger mean proportion of individuals of macropterous species (7.9%) was captured on the scattered islands compared to that of individuals of dimorphic 12.3%) and brachypterous (4.1%) species (Fig. 5B) . In contrast, the group islands showed a much higher mean proportion of individuals of brachypterous species (east,7.5o/o; west, 5.870) than the scattered islands. Although the mean wing morph proportions changed little between islands, they were significantly different between mainland Finland and the islands. According to Lindroth (1985,19861,195 carabid species occur in the closest mainland area to the study site. If only macropterous and brachypterous species are considered (see As, 1984) , the proportion of brachypterous species in the source area is 0.I5 (24 species, Fig. 5A ). The proportion of brachypterous species on the four island groups varied between 0.29 and 0.33 and, if all the islands are considered together, the proportion is 0.27. This is significantly different from the mainland va]rue (y2 = 10.65, P < 0.005).
If dispersal was a limiting factor, we would expect to find more carabid occurrences on the group islands than on the scattered ones. However, carabid species with abundance N> 10 occurred equally frequently on scattered and group islands (Wilcoxon signed-rank test: T = 69.5, P = 0.74) (Fig. 5) . Apart from the fact that only a few species captured on these island groups (N> 10) were brachypterous, little inferences can be made concerning incidences of flying or non-flying species on these different island groups (Fig. 6 ). Nevertheless, scattered islands had a higher proportion of species represented by only three individuals or less (27.8%), compared to the eastern (17.8%) or western (1.79%l group islands.
DrscusstoN
Unlike many of the world's oceanic islands which show a high rate of endemicity and have a low diversity in comparison to mainland fauna (Alcover et al., 7998; Chown et al., 1998) Log island area carabids show considerable differences on islands (Ranta & Ls, 1, 982; Niemeld et a1, , 7985) . For instance, our study islands off the Finnish coast host a significantly higher proportion of wingless carabid species compared to their mainland counterparts. As (1984) found similar results studying carabids in the Stockholm archipelago. This has important implications for island theory. Carabid species richness increased significantly with an increase in island area, but the slope of this relationship (0.06) was not as steep as commonly cited in the literature (MacArthur & 'Wilson, 7967; Jrirvinen & Ranta, 1987; Rosenzweig, 1995; As et al., 19971 . An explanation for this discrepancy is that we did not sample all habitat types on the larger islands, and that these were undersampled. Larger areas have more habitat types, and the greater the habitat variery the greater the species richness (Rosenzweig, 1995) . -Nevertheless, in this study (see Fig. 2B ), as suggested by As et al. (1997) for Scandinavian archipelagos, habitat diversity might not be as important as area per se in explaining species richness on these islands. Also, excluding larger islands from the analysis did not change the slope of the relationship by much. If habitat diversity is not important (e = 0.02) and area only marginally so in explaining carabid species richness on these islands, what alternatives are there to explain the slow increase of species with island size? At least two points need consideration, one biological and the other physical. First, carabids are mainly generalist, surface-active predators (Lcivei & Sunderland, 1,996) and therefore not dependent on a specific vegetation type, although some species are restricted to certain habitat types. This was quite clear from our similarity analyses. For example, cluster analysis showed high similarity between the different forest types, while the two most commonly sampled habitat types on these islands, i.e. mixed forest and the juniper-heather-dominated scrub, shared many carabid species with most other habitat types. The only habitat types that showed a high degree of dissimilarity in carabid assemblage were fields that were only found on the large islands. Fields are usually drier than the other habitat types sampled, and were characterized by a high diversity of the, more or less xerophilous, mainly vegetarian carabid genus Amara (Lindroth, 1985, 1.9861 , Of the eight Amara species captured on the islands, six occurred in fields and four occurred only in fields (A. aulica, A. familiaris, A. Iunicollis, A. similata). As most carabids are not dependent on vegetation for food, habitat diversity appeared to be of litde importance in their incidence on Baltic islands.
There was a high similarity among carabid assemblages from different habitats on islands in the Aland archipelago as well (Niemeld, 1988b) . This was attributed to the close proximity and small size of habitat patches on the islands. This would make it easier for carabids to 'diffuse' from one habitat patch to another on the islands than on the Aland mainland where equivalent patches are larger and more separated from each other. The same phenomenon may have contributed to the high similarity among carabid assemblages in different habitats in our study.
Second, the degree of isolation of the Baltic islands is low, due to their close proximity to the mainland and short interisland distances. Jdrvinen & Ranta (1987) suggested that, for most taxa, island colonization is quite easy, In fact, even for species with apparently poor dispersal abilities, island colonization may not be difficult. For example, As (198a) showed that the expected proportion of brachypterous carabid species increases up to a point approximately 27 km fuom the mainland, where roughly 60"/" of the species arriving should be brachypterous. Although lower (29-337o), our data also showed a significant increase in brachypterous carabid species on islands compared to the mainland (15%). Even on the seven scattered islands sampled here, colonization by brachypterous species appears to be easy. Similarlg Niemeld et al. (7988) showed that brachypterous species were able to colonize islands 5-20 km off the Aland mainland. Wingless carabid species may have an adaptive advantage to winged species on these islands. Brachypterous individuals are presumably fitter, having energy allocated to increased fecundity or increased foraging efficiency rather than flight muscle development (As, 1984) . Also, long-winged individuals stand an added risk of being blown off the windy islands (however, at the scale of this studS this may often lead to successful immigration to some other islands). For example, Cliuina fossor and Loricera pilicornis were captured in low abundance on these islands, but are known to have welldeveloped abilities for flight and are often found abundantly in sea drift (Lindroth, 1985 (Lindroth, ,1986 . These species, and other winged carabid species, may have a good dispersal potential, but may be less successful in colonizing new habitat. This is reflected by the higher mean proportion of individuals of macropterous than dimorphic or brachypterous species on the scattered islands ( Fig.5B) . Also, between 17.8 and2'J..8o/" of the carabid species captured on the island groups were represented by less than four individuals, suggesting that a high proportion of carabids on these islands have not yet established viable populations, or are unable to do so. Alternatively, it is well known that especially riparian species are good at flight (Niemelii, 1988a) but, as running warers of a suitable kind are probably lacking on the islands, these macropterous species are most likely to be unsuccessful colonizers. In summary then, dispersal between these islands appears to be easy, proportionally more so for wingless than winged carabid species.
Scattered islands accumulated carabid species only at a marginally faster rate than did group islands (compare z values of Fig.4) , further supporting the idea that carabids colonize these islands with ease. Nieminen & Hanski (1998) showed that, on Baltic skerries (with mostly non-breeding occurrences of moth species and strong fliers), the slope of the species-area relationship for moths was much steeper than on larger islands. They predicted that strong fliers can o actively orientate flight, and would have a higher frequency of occupancy on scattered than group islands. Carabids do not show this pattern because they appear not to be as dependent on flight for island colonization as are moths. According to Palm6n ('1, 944) , carabids can survive for at least 4-5 days in the brackish Baltic seawater. Taking drifting speed and survival time into consideration, carabid individuals can travel a mean distance of 13 km by floating, compared to the mean distance for one flight of only 3-6 km (As, 1984) . Unlike moths then, where strong flight and flight orientation predict occurrence on scattered islands (Nieminen & Hanski, 1998) , a large proportion of carabids seem to reach Baltic Sea islands through passive dispersal methods. It is not surprising then that the carabid species-area relationships observed here are substantially different from that cited in the literature, because colonization appears to be a frequent albeit chance event.
There are three lines of evidence in our data which suggest that metapopulation dynamics are somewhat different in different functional groups (i.e. wing morphs) of carabids in the study area, as was the case in the moth study performed on the same islands (Nieminen & Hanski, 1998) . First, a larger mean proportion of individuals of macropterous species (compared to dimorphic and brachypterous species) was captured on scattered islands compared to group islands (Fig. 5B ). This is an indication of their higher migration rate between islands, which was also found with moth species that are strong fliers (Nieminen & Hanski, 7998) . Second, the high migration rate of macropterous species also supports the prediction by Hanski & Gyllenberg (1997) and Nieminen & Hanski (7998) that scattered islands accumulate actively dispersing species quicker than islands close to each other (see Fig.4 ). Third, based on Fig. 58 , it seems that, on group and large islands, there were relatively similar proportions of both macropterous and brachypterous individuals within each island category. However, these proportions are different on the scattered islands. We suggest that this is due to frequent successful migration among islands within island groups and among habitat patches on the large islands, which keeps the population sizes of brachypterous species larger there than on scattered islands (where migrating individuals are lost from the local population). For macropterous species, this pattern is reversed due to the above-mentioned accumulation effect on scattered islands and, as carabids fly on average 3-5 km (As, 1984) , they leave the island groups very easily (Fie. 1).
In addition to dispersal ability, interspecific interactions (see Koivula et al., L999) may explain at least one case of occurrence on the islands. Pterostichus niger was the most abundant species on the islands, while a closely related species P. melanarius was only found in low numbers on two large islands. A similar pattern has been found in the Aland archipelago west of our study islands, and Niemelei (1992) suggested that this might be due to interspecific competition between the two species. The mechanism may be a priority effect, whereby the somewhat larger (15-20.5 mml P. niger might have been able to colonize the islands prior to the slightly smaller (72-1,8 mm) P. melanarius. The abundant P. niger may be able to prevent P. melanarius from establishing populations on the islands, although suitable habitat is available on the islands. P. melanarius is widely distributed on large islands (e.g. Aland) and occurs on them in similar habitats to those found on small islands. This species was introduced to one of our study islands where it did not occur before. Adults were recaptured 2 years later, but no recruits were recorded. This indicates that the habitat was suitable for adult survival but not for reproduction. On the other hand, it is not evident why P. melanarius should be a poorer disperser and inferior competitor. The species has been introduced to North America where it has been very successful in expanding into new areas. Thus, it appears that its colonization ability is good and there is no evidence that it would be an inferior competitor in North America (Niemelei & Spence, 199t, 1999; Niemeld et al., 79971. In conclusion, the absence of P. melanarius from small Baltic islands remains a mystery and calls for experimental studies. 
